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Alkali-resistant  Ni/Si02— Sil-1  and  Ni/Al203 -Sil-1  core-shell  catalysts  were  prepared  for  use  in  direct 
internal  reforming  molten  carbonate  fuel  cell  (DIR-MCFC).  A  thin  zeolite  shell  was  grown  on  the  sur¬ 
face  of  catalyst  beads  to  create  a  diffusion  barrier  against  alkali  poisons  in  the  vapors  generated  from 
the  electrolyte  during  DIR-MCFC  operation.  The  synthesis  of  low  defect  zeolite  shell  was  investigated 
and  the  effects  of  shell  thickness  on  catalyst  activity  were  examined.  A  mathematical  model  of  the  reac¬ 
tion  and  alkali-poisoning  was  developed  and  the  optimum  zeolite  shell  thickness  was  determined.  The 
experimental  and  modeling  results  demonstrated  that  the  core-shell  catalyst  is  more  resistant  to  alkali 
poisoning  and  a  zeolite  shell  thickness  of  3.5  |xm  can  protect  the  catalyst  for  at  least  lOOh  following  a 
failure  of  the  anode  barrier  in  DIR-MCFC  to  give  sufficient  time  for  repair. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Driven  by  the  growing  demand  for  cleaner  and  more  efficient 
power  generation,  the  molten  carbonate  fuel  cells  (MCFC)  have 
attracted  significant  interests  from  governments  and  industries 
[1].  Important  advances  in  materials  and  cell  construction  [2] 
contribute  to  the  development  and  refinement  of  direct  internal 
reforming  (DIR)  MCFC.  The  DIR-MCFC  can  achieve  higher  effi¬ 
ciency  (up  to  14%  higher)  and  has  lower  capital  and  operating 
cost  through  coupling  of  the  endothermic  steam  reforming  reac¬ 
tion  and  the  exothermic  electrochemical  conversion  at  the  anode 
[3,4].  In  addition,  DIR-MCFC  has  better  water  management,  greater 
fuel  flexibility  as  well  as  lower  greenhouse  gas  emission  [5]. 

The  high  working  temperatures  (>900 1<)  and  elevated  alkali 
content  of  the  electrolyte  (i.e.,  62Li2C03:38I<2C03)  are  detrimen¬ 
tal  to  the  reforming  catalyst  of  DIR-MCFC  [6,7].  In  particular, 
the  alkalis  poison  the  catalyst  and  researches  show  that  alka¬ 
lis  in  the  electrolyte  can  reach  the  catalyst  by  liquid  creep  or 
vapor  [8].  This  can  be  prevented  by  separating  the  catalyst  and 
the  anode  chamber  with  ceramic  barriers  [9,10]  and  metal  foils 
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[11].  There  are  also  significant  efforts  in  developing  alkali-resistant 
catalysts  including  Ru/Zr02  [12]  and  Ni  catalysts  supported  on 
alkali-resistant  7-LiA102  [13],  Mg0-Ti02  [14]  and  Mg0-Al203  [15]. 
A  nonuniform  catalyst  distribution  can  also  ameliorate  the  effects 
of  poisons  by  locating  the  catalysts  in  an  interior  location  of  the 
pellet  [16-19]. 

This  study  investigates  a  core-shell  catalyst  consisting  of  a  core 
nickel  catalyst  (i.e.,  Ni/Si02  and  Ni/Al203  beads)  with  a  pure  sil¬ 
ica  Sil-1  zeolite  shell.  The  shell  acts  as  a  transport  barrier  for  the 
alkali  vapor  and  electrolyte  solution  to  protect  the  catalyst  from 
rapid  poisoning.  Core-shell  catalyst  with  zeolite  shell  had  been 
used  as  selective  separation  layer  by  Tsubaki  et  al.  [20]  in  Fischer- 
Tropsch  synthesis  (FTS)  reaction  using  a  Co/Si02  core  with  ZSM-5 
shell  and  by  Kapteijn  et  al.  [21]  for  selective  hydrogenation  of 
1 -hexene  from  a  mixture  containing  3,3-dimethylbut-l-ene  (3,3- 
DMB)  with  a  Co/Ti02  catalyst  with  Sil-1  shell.  Both  research  groups 
showed  that  selective  transport  across  the  zeolite  shell  is  respon¬ 
sible  for  the  enhanced  selectivity  to  the  target  product.  Zeolites  are 
also  effective  barrier  against  contamination  from  support  mate¬ 
rials  in  Pd  membranes  [22-24]  and  can  simultaneously  serve  as 
catalyst  for  reactions  [25].  Our  prior  work  shows  that  a  core-shell, 
Ni/Al203— Sil-1  catalyst  can  tolerate  the  high  alkali  concentration 
generated  in  DIR-MCFC  [26].  It  is  the  purpose  of  this  study  to 
determine  the  optimum  zeolite  shell  thickness  for  a  core-shell  cat¬ 
alyst  designed  to  survive  at  least  100  h  operation  under  high  alkali 
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Nomenclature 

a  specific  interfacial  area  (m_1 ) 

/  fraction  of  the  poison  adsorbed  catalytic  site  to  the 

total  catalytic  side  (-) 

kad  adsorption  rate  constant  (m3  mol-1  s-1 ) 

t  time  (s) 

v  volumetric  flowrate  (m3  s-1 ) 

j3  proportionality  constant  (-) 

C  volume  concentration  (mol  m-3 ) 

D  diffusivity  (m2  s-1 ) 

D'  modified  diffusivity  (m  kg-1 ) 

F  molar  flowrate  (mol  s-1 ) 

I<  equilibrium  constant  between  the  pore  and  bulk  gas 

phases (-) 

K'  modified  equilibrium  constant  between  the  pore 

and  bulk  gas  phases  (s-1 ) 

W  weight  (kg) 

p  apparent  density  ( kg  m- 3 ) 

8  thickness  of  Silicalite-1  shell  membrane  (m) 

0  surface  concentration  (mol  m-2 ) 

Subscripts 

CH4  methane 

P  Poison 

P  S  Poison-adsorbed  catalytic  site 

b  bulk  gas  phase 

o  overall 

p  catalyst  pore  phase 

to  initial  total  catalytic  site 

t  total  catalytic  site 

Al  alumina 

Sil-1  Silicalite-1 

Cat  catalyst 


catalyst  preparation  [26,35].  The  Sil-1  seeds  were  obtained  after 
18  h  of  hydrothermal  synthesis  at  368  K  of  a  clear  synthesis  solu¬ 
tion  with  a  molar  composition  of  lTPA20:8Si02:216H20.  The 
tetrapropylammonium  hydroxide  (TPAOH,  25%)  was  purchased 
from  Zhejiang  Rente  Chemical  Co.,  Ltd.  and  the  silica  precursor 
tetraethyl  orthosilicate  (TEOS,  98%)  was  supplied  by  Kermel.  The 
seeds  were  recovered  by  a  series  of  centrifugation  and  washing 
steps  and  a  0.08  wt.%  Sil-1  seed  suspension  in  ethanol  was  prepared. 

The  catalyst  beads  were  seeded  by  first  grafting  a  layer  of  3- 
aminopropyltrimethoxysilane  (APTMS,  Aldrich)  on  the  beads  as 
organic  linker,  followed  by  the  deposition  of  Sil-1  seeds.  The  excess 
seeds  were  washed  away  with  ethanol  before  drying  at  353  K 
for  12  h  and  air  calcination  at  823  K  for  another  12h.  A  layer  of 
zeolite  shell  was  grown  on  the  seeded  beads  by  hydrothermal 
regrowth.  The  synthesis  composition  and  conditions  can  affect 
the  zeolite  growth,  morphology  and  orientation,  and  ultimately 
the  molecular  transport  across  the  zeolite  shell  [36-38].  The 
zeolite  shell  was  deposited  from  a  synthesis  mixture  contain¬ 
ing  lTPA20:8Si02:2400H20,  and  different  shell  thicknesses  were 
obtained  by  controlling  the  synthesis  temperature  and  time.  The 
resulting  core-shell  catalysts  were  calcined  in  air  at  923  K  for  4  h 
to  remove  the  organic  structure  directing  molecule,  TPA+  from  the 
zeolite  pores. 


2.1.3.  Catalyst  characterization 

The  appearance  of  the  catalyst  beads  were  observed  at  6x  mag¬ 
nification  and  captured  with  a  digital  camera  (Canon  A760).  The 
beads  were  halved  with  a  clean  blade  and  mounted  on  a  holder 
for  examination  under  scanning  electron  microscope  (SEM,  JSM- 
6360LV).  The  samples  were  sputter-coated  with  gold  to  prevent 
sample  charging.  An  elemental  mapping  by  energy  dispersive  X- 
ray  spectroscopy  (EDXS,  JED  2300)  was  done  in  situ  during  SEM 
imaging.  Elemental  analysis  was  done  on  5  mg  dissolved  catalyst 
samples  using  an  inductively  coupled  plasma,  atomic  emission 
spectrometer  (ICP  AES,  Optima  2000DV). 


conditions  following  a  simulated  failure  of  the  anode  barrier  in  a 
DIR-MCFC. 

2.  Experimental 

2.1.  Preparation  of  core-shell  nickel  reforming  catalyst 

2.1.1.  Preparation  of  core  nickel  catalysts 

CARIACT  Q-10  silica  beads  (0.8-1. 7  mm  diameter,  average  pore 
volume  of  0.99  cm3  g-1  and  BET  surface  area  of  300  m2  g-1)  from 
Fuji  Silysia  Chemical  Ltd.  and  7-AI2O3  beads  (0.8-2.2  mm  diameter, 
pore  volume  of  0.40  cm3  g-1  and  BET  surface  area  of  ca.  280  m2  g-1 ) 
from  Dalian  Haixin  Chemical  Ltd.  were  rinsed  in  deionized  distilled 
water  and  alcohol  before  calcination  in  air  for  5  h  at  523  K.  The 
nickel  catalysts  (12.5  wt.%  Ni)  were  prepared  by  incipient  wetness 
method  from  nickel  nitrate  solution  (Ni  (NC^CLhC), 98%,  Kermel). 
The  impregnated  catalyst  beads  were  dried  12  h  at  373  K,  followed 
by  air  calcination  at  923  K  for  4  h  to  decompose  the  salt  to  nickel 
oxides. 

2.1.2.  Preparation  of  Sil-1  zeolite  shell 

A  low  defect  zeolite  shell  was  deposited  on  the  beads  using 
procedures  borrowed  from  zeolite  membrane  preparation  [27-29]. 
The  catalyst  beads  were  seeded  with  a  layer  of  Sil-1  zeolite  seeds 
prepared  according  to  synthesis  procedure  reported  in  previous 
works  [30-32].  Seeding  minimizes  the  effects  of  support  chem¬ 
istry  and  promotes  zeolite  deposition  and  growth  [33].  Seeds  can 
influence  the  zeolite  growth  and  film  orientation  [34],  and  prior 
works  showed  that  160nm  Sil-1  seeds  are  optimum  for  core-shell 


2.2.  Alkali-resistance  of  core-shell  catalysts  for  methane  steam 
reforming 

An  out-of-cell  test  (OCT)  was  used  to  investigate  the  alkali 
resistance  of  the  core-shell  catalysts.  This  provides  more  accurate 
reaction  data  and  avoids  complication  from  cell  operation.  In  the 
out-of-cell  test,  the  catalysts  were  exposed  to  the  alkali  vapor  for  a 
fixed  period  of  time  before  conducting  the  methane  reforming  reac¬ 
tion.  The  core-shell  catalysts  and  the  reference  catalysts,  Ni/Si02 
and  Ni/Al203  were  reduced  in  hydrogen  at  923 1<  for  5  h  before  the 
reaction  study. 

The  catalysts  were  exposed  to  alkali  vapor  generated  by  bub¬ 
bling  nitrogen  gas  through  4g  of  electrolytes  (i.e.,  62  mol%  Li2C03 
and  38  mol%  I<2C03 )  in  a  stainless  steel  reactor  (30  mm  ID)  as  shown 
in  Fig.  la.  1.2  g  catalyst  beads  were  placed  on  a  perforated  holder 
above  the  electrolyte.  The  treatment  was  carried  out  at  923  K  same 
as  the  operating  temperature  in  DIR-MCFC.  The  catalysts  were 
treated  for  a  fixed  length  of  time  ranging  from  5  to  lOOh.  The 
amount  of  electrolyte  evaporated  and  the  catalyst  weight  gain  were 
recorded.  Treated  catalysts  were  also  examined  by  SEM,  EDXS  and 
analyzed  by  ICP- AES  before  methane  steam  reforming  reaction.  The 
steam  reforming  reaction  was  carried  out  in  a  separate  reactor  that 
has  a  diameter  of  8  mm  and  a  length  of  400  mm  (Fig.  lb).  The  0.8  g 
catalyst  was  treated  for  5  h  in  40  seem  flowing  hydrogen  at  923 1< 
before  switching  the  flow  to  20  seem  mixture  of  steam  and  methane 
(H20/CH4  =  3).  The  reaction  was  carried  out  for  7  h  and  the  product 
stream  was  monitored  by  an  on-line  gas  chromatograph  equipped 
with  a  packed  column  (200  mm  length  x  3  mm  diameter,  TDX-01, 
Shanghai  Techcomp  Ltd)  and  a  thermoconductivity  detector  (GC 
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Fig.  1.  Schematic  drawings  of  reactor  set-ups  for  (a)  electrolyte  vapor  exposure  and 
(b)  methane  steam  reforming  reaction. 


7890T,  Shanghai  Techcomp  Ltd).  Argon  was  used  as  the  carrier  gas 
for  the  gas  chromatograph. 

2.2 A.  Reaction  modeling  and  catalyst  optimization 

A  mathematical  model  was  developed  based  on  the  experi¬ 
mental  data  to  investigate  the  effects  of  alkali  vapor  on  catalyst 
deactivation  and  determine  the  optimum  zeolite  shell  thickness 
of  the  core-shell  catalyst.  A  plug  flow  reactor  was  assumed  for  the 
reaction.  The  transport  across  the  zeolite  shell  is  considered  the  rate 
determining  step  in  the  reaction,  thus  the  methane  concentration  in 
the  catalyst  core  is  negligible  compared  to  the  bulk  concentration 
of  methane  in  the  reactant  stream.  Methane  and  alkali  diffusivi- 
ties  through  the  zeolite-shell  and  catalyst  core  are  isotropic  with 
the  adsorption  of  alkali  being  the  rate  determining  step  in  catalyst 
poisoning.  The  adsorption  rate  is  taken  to  be  proportional  to  the 
alkali  concentration  in  the  catalyst  pores  in  equilibrium  with  the 
bulk  alkali.  The  Modified  equilibrium  (fC'P  A1)  and  proportionality 
(P)  constants  were  obtained  from  the  experimental  reaction  data. 
Summaries  of  the  modeling  equations  and  parameters  are  given  in 
Tables  1  and  2,  respectively.  The  model  was  used  to  examine  the 
effects  of  shell  thickness  on  the  reaction  and  alkali  poisoning,  and 


Table  1 

Mathematical  modeling  equations  for  DIR-MCFC. 

Methane  reforming  reaction 

Mole  balance  equation  for  methane  through  catalyst  bed: 
dFc H4,b  =  -kcH4,o  ■  Q  ■  dWcat  ■  ■  (CcH4,b  -  Cch4,p) 

dFl ZH4,b  =  -fccH4,o  •  a  ■  dWcat  •  pclvvh  ■  W 
Let  k'  -  kcH4’°  ° 

KCH4)o  -  pCatvb 

dFCH4,b  _  h,  c 

dWCat  _  TH4,o  FCH4,b 

Resistance  in  series  model: 

P  P  P 

CH4,o  CH4,A1  CH4,Sil-l 

Where 

D'  D' 

,,  _  CH4.Sil-l  j,  _  CH4,A1 

KCH4,Sil-l  “  <5  ’  ,CCH4,A1  _  S 

Modified  mass  transfer  coefficient  and  diffusivity: 

,,  _  kCH4,Sil-1'a  _  kCH4,Al  a 

#<CH4,Sil-l  _  Pcat^b  ’  LH4,A1  “  pCat  vb 

tj,  _  DCH4,Sil— 1  a  _  DCH4,Al  a 

CH4,Sil— 1  PCatvb  ,  CH4,A1  PCatvb 


Catalyst  deactivation 


Poisoning  reaction: 

P  +  S^P-S 

Catalyst  deactivation  rate  =  Poison  adsorption  rate 

-W  =  %i=<(Ao-0ps)Cp,p 

Assume  that  the  poison  concentration  in  pores  was  in  equilibrium  with  that  in  bulk  gas  phase: 


|  =  fc?dd -f)Kp,oCP,b 

Where  the  overall  equilibrium  constant  I<pi0  was  calculated  using  resistance  in  series  method: 


i  _  _j _ ,  i 

KP,o  KP,M  %,Sil-l 

It  was  assumed  that  equilibrium  constant  for  Silicalite-1  membrane  was  inversely  proportional  to 
the  shell-thickness: 

f^P,Sil-l  OC  \ 

^p,sii-i  =  f ,  where  is  proportionality  constant 
Let/C'0  =  ^dKP)0Cp,b 

•••I =Kp,„a  -/) 

By  integrating  the  equation  on  both  sides: 
ln(l-/)  =  -K'ot 


Table  2 

Numerical  values  of  modeling  parameters. 


Parameters 

Symbol 

Value 

Unit 

Gas  volumetric  feed  rate 

V 

3.33  xlO-6 

m3  s_1 

Temperature 

T 

923 

K 

Pressure 

P 

101,325 

Pa 

Steam  to  carbon  molar  feed  ratio 

yc  h4,o 

3 

- 

Methane  molar  feed  rate 

FcH4,o 

4.40  xl0“6 

mols-1 

Catalyst  mass 

meat 

0.0008 

kg 

Mass  transfer  coefficient  for  methane  through  core  catalyst 

// 

CH4,A1 

2314 

kg-1 

Diffusivity  of  Methane  through  silicalite-1  shell 

^CH4,Sil-l 

9.42  xl0“6 

mkg-1 

Modified  equilibrium  constant  between  bulk  gas  and  catalyst  pore  for  catalyst  (without  shell) 

«P.M 

0.8 

s-1 

Proportionality  constant 

P 

2.68  xlO”4 

- 
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to  determine  the  optimum  shell  thickness  to  safeguard  DIR-MCFC 
operation  during  an  anode  barrier  failure. 


3.  Results  and  discussion 

3.1.  Ni/MOx-Sil-1  core-shell  catalysts 

The  zeolite  shell  serves  as  a  barrier  against  catalyst  poi¬ 
soning  by  the  alkali  electrolyte,  and  thus  must  have  relatively 
low  defect.  The  zeolite  shell  was  grown  on  the  Ni/Si02  and 
Ni/Al203  catalyst  beads  after  seeding  the  beads  with  a  layer  of 
Sil-1  seeds.  A  monolayer  of  seeds  is  needed  to  grow  a  well- 
intergrown  shell  and  avoid  shell  delamination.  Uniform  Sil-1  seeds 
of  160±10nm  were  attached  to  the  surface  using  organic  link¬ 
ers.  The  3-aminopropyltrimethoxysilane  linkers  formed  a  Si-O-M 
covalent  bond  with  the  Si02  and  A1203,  while  the  amino  head 
groups  interact  with  the  hydroxyls  on  zeolite  seeds  resulting  in 
their  assembly  on  the  bead’s  surface  [39].  Fig.  2  shows  that  after  cal¬ 
cination  a  monolayer  of  closely  packed  Sil-1  seeds  were  obtained 
on  both  Ni/Si02  (Fig.  2a)  and  Ni/Al203  beads  (Fig.  2b). 

Zeolite  growth,  microstructure  and  morphology  are  sensi¬ 
tive  to  synthesis  parameters  particularly  temperature  and  time 
[36,37,40,41  ].  Scanning  electron  micrographs  of  two  core-shell  cat¬ 
alysts  are  shown  in  Fig.  3.  The  Sil-1  shells  were  grown  on  the  Ni/Si02 
beads  following  24  h  of  hydrothermal  regrowth  at  423  and  448  K, 
respectively.  It  can  be  seen  in  Figs.  3a-c  that  Sil-1  shell  grown 
at  423  K  was  thinner  (i.e.,  5  p,m)  and  less  well-intergrowth  than 
the  shell  grown  at  448  K  (cf.  Figs.  3d-f).  Eight  microns  thick  poly¬ 
crystalline  Sil-1  layer  consisting  of  half  micron  sized  crystals  was 
deposited  uniformly  over  the  surface  of  the  catalyst  bead  regrown 
at  448  K.  A  closer  examination  of  the  shell  along  its  thickness  shows 
that  the  zeolites  grew  with  a  preferred  orientation  along  the  c- 
axis  consistent  with  Vander  Drift’s  growth  behavior  [42,43].  The 
intergrowth  within  the  shell  extends  from  the  surface  to  the  barely 
discernable  seed  layer  attached  to  the  bead  surface.  There  was  no 
apparent  delamination  observed  in  the  core-shell  catalyst  beads 
prepared  in  this  study. 

Thinner  zeolite  shells  were  obtained  by  simply  using  shorter 
synthesis  time  as  shown  by  the  cross-sections  of  Ni/Si02— Sil-1 
core-shell  catalysts,  while  longer  synthesis  time  gave  Ni/Al203— Sil- 
1  core-shell  catalysts  their  thicker  shells  shown  in  Fig.  4.  Sil-1  shells 
of  0.5, 2  and  4.5  pan  were  obtained  for  Ni/Si02— Sil-1  core-shell  cat¬ 
alyst  following  2,  8  and  16  h  of  synthesis.  SEM  examination  shows 
that  all  the  deposited  zeolite  shells  are  polycrystalline  and  well- 
intergrown.  Defects  were  not  evident  from  SEM  analysis  of  the 
zeolite  shells.  The  zeolite  shells  of  the  Ni/Al203— Sil-1  core-shell 
catalysts  display  similar  microstructure  and  have  measured  thick¬ 
ness  of  2.5,  5  and  6  pm  following  24, 48,  72  h  regrowth.  The  slower 
growth  observed  on  the  alumina  beads  could  be  explained  by 


Table  3 

Mass  variation  of  alkali  and  catalysts  during  the  alkali  exposing  test. 


Catalysts 

Test  time  (h) 

Mass  variations  of 
alkali  (g)* 

Mass  variations  of 
catalysts  (g)** 

Ni/Al203— Sil-1 

5 

-0.308 

0.018 

(3.5  pan) 

10 

-0.381 

0.024 

20 

-0.452 

0.031 

60 

-0.452 

0.056 

100 

-0.725 

0.077 

1 .2  g  catalysts  per  test. 

4  g  electrolyte  (62Li2C03 :38K2C03 )  per  test. 

Table  4 

Results  on  Ni/Al203  and  core-shell  Ni/Al203— Sil-1  catalysts  with  different  thick- 

nesses  by  the  alkali  exposing  test. 

Catalysts 

Shell  thickness 

Methane 

Methane 

(pan) 

conversion  (%)* 

conversion  (%)** 

Ni/Al203 

0 

84.1 

1.3 

2.5 

69.8 

60.3 

Ni/Al203— Sil-1 

3.5 

64.2 

51.8 

5.4 

51.1 

49.0 

Fresh  catalysts. 

Catalysts  treated  with  5  h  in  electrolyte  vapor. 


the  presence  of  alumina  that  tends  to  inhibit  MFI  zeolite  growth 
[44-46]. 

3.2.  Alkali-resistance  of  core-shell  catalysts  for  methane  steam 
reforming 

Ni/Si02  and  Ni/Al203  catalysts  and  their  corresponding 
core-shell  catalysts  were  exposed  to  the  alkali  vapor  generated 
from  the  molten  electrolyte  in  the  reactor  set-up  shown  in  Fig.  la. 
The  amount  of  electrolyte  evaporated  and  the  catalyst  weight 
gain  are  summarized  in  Table  3  for  the  core-shell  Ni/Al203— Sil- 
1  catalyst  with  3.5  p,m  thick  shell.  The  data  show  that  longer 
treatment  time  evaporated  more  carbonate  electrolyte  with  a  con¬ 
comitant  increase  in  catalyst  weight  with  exposure  to  the  vapor. 
The  catalysts’  activities  for  methane  steam  reforming  reaction 
were  evaluated  and  plotted  in  Fig.  5.  The  Ni/Si02  and  Ni/Al203 
catalysts  were  completely  poisoned  after  exposure  to  the  alkali 
vapor  and  displayed  low  methane  conversions.  Both  Ni/Si02— Sil-1 
and  Ni/Al203— Sil-1  core-shell  catalysts  are  more  resistant  to  the 
alkali  poison  and  have  higher  methane  conversions  of  11%  and 
60%,  respectively.  Indeed,  the  core-shell  catalysts  display  compa¬ 
rable  conversions  to  the  fresh  catalysts.  A  further  deactivation  of 
Ni/Si02— Sil-1  in  the  absence  of  alkali  poison  could  be  attributed  to 
catalyst  sintering  [39,47].  The  reaction  results  of  Ni/Si02— Sil-1  and 
Ni/Al203— Sil-1  core-shell  catalysts  are  consistent  with  the  report 
by  Roh  et  al.  [48]  that  alumina  is  a  good  catalyst  support  for  nickel 
in  steam  reforming  reaction. 


Fig.  2.  SEM  pictures  of  seeded  (a)  Ni/Si02  and  (b)  Ni/Al203  catalyst  beads. 
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Fig.  4.  SEM  picture  of  zeolite  shells  grown  on  Ni/Si02  beads  after  (a)  2,  (c)  8  and  (e)  16  h,  and  Ni/Al203  after  (b)  24,  (d)  48  and  (f)  72  h  of  zeolite  regrowth. 
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Time  (h) 


Fig.  5.  Plots  of  methane  conversion  for  (a)  Ni/Si02  and  Ni/Si02-Sil  core-shell  cat¬ 
alysts  and  (b)  Ni/Al203  and  Ni/Al203— Sil  core-shell  catalysts  after  5h  exposure  to 
electrolyte  vapor.  Note:  the  Ni/Si02— Sil-1  has  a  3.8  |xm  shell  and  Ni/Al203— Sil-1  has 
2.8  fxm  shell. 


The  methane  conversions  obtained  from  Ni/Al203  and 
Ni/Al203— Sil-1  catalysts  before  and  after  exposure  to  the  elec¬ 
trolyte  vapor  for  5h  are  summarized  in  Table  4.  A  methane 
conversion  of  83%  was  obtained  from  the  fresh  Ni/Al203  catalyst 
and  deposition  of  2.5,  3.5  and  5.4  p,m  zeolite  shell  leads  to  lower 
conversions  of  ca.  70,  64  and  51%,  respectively.  This  is  due  to 
the  higher  transport  resistance  across  the  zeolite  shells  and  the 
calculated  methane  diffusivity  of  10-5  mkg-1  through  the  zeolite 
shell  is  comparable  to  that  reported  for  zeolite  membranes  [49,50]. 
Ni/Al203  was  inactive  after  exposure  to  the  electrolyte  vapor  and 
has  a  low  methane  conversion  of  1.3%  [13].  The  table  indicates  that 
the  zeolite  shell  ameliorates  the  poisoning  of  the  nickel  catalyst 
with  thicker  shells  being  more  effective.  The  Ni/Al203— Sil-1  cata¬ 
lysts  with  shell  thickness  of  2.5,  3.5  and  5.4  p,m  gave  respectively 
methane  conversions  of  60,  52  and  49%  (cf.  Table  4)  that  are  10, 12 
and  2%  lower  than  the  conversions  obtained  before  exposure  to 
the  electrolyte  vapor. 

The  stability  of  Ni/Al203  catalyst  and  Ni/Al203— Sil-1  core-shell 
catalyst  to  long-term  exposure  to  electrolyte  vapor  is  plotted  in 
Fig.  6.  The  catalysts  were  exposed  to  the  electrolyte  vapor  for  5, 10, 
20, 40, 80  and  100  h  before  performing  the  methane  steam  reform¬ 
ing  reaction.  It  is  clear  from  the  results  that  the  deposition  of  a  thin 


Test  with  different  Time 


Fig.  6.  Methane  conversion  over  Ni/Al203  and  Ni/Al203  — Sil-1  (3.5  |jim)  catalysts 
after  different  time  exposure  to  high  concentration  of  electrolyte  vapor.  (For  inter¬ 
pretation  of  the  references  to  color  in  this  figure,  the  reader  is  referred  to  the  web 
version  of  the  article.) 

3.5  |jim  zeolite  shell  on  Ni/Al203  catalyst  made  it  resistant  to  poi¬ 
soning  from  exposure  to  electrolyte  vapor  at  high  temperatures.  On 
the  other  hand,  Ni/Al203  catalyst  was  completely  poisoned  after  5  h 
exposure  and  is  inactive  to  the  reaction. 

The  Ni/Al203— Sil-1  core-shell  catalyst  was  also  subjected  to 
tests  at  a  lower  vapor  concentration  that  more  closely  mimics  the 
real  situation  in  DIR-MCFC.  This  was  accomplished  by  placing  the 
catalyst  downstream  from  5  g  of  alumina  pellets  loaded  with  the 
electrolyte  (i.e.,  1 0  wt.%  62  Li2C03 :38  I<2C03 ).  The  hot  reactant  mix¬ 
ture  flowed  through  the  impregnated  beads  and  then  the  catalyst 
bed.  The  reaction  results  for  the  Ni/Al203— Sil-1  core-shell  catalyst 
are  shown  in  Figs.  7a  and  b.  During  the  lOOh  reaction,  the  reac¬ 
tor  outlet  was  monitored  and  the  composition  of  the  product  gas 
remains  unchanged  at  63.0%  H2,  8.7%  CO,  17.5%  C02  and  19.0%  CFI4 
and  the  methane  conversion  of  50%  and  hydrogen  yield  of  20%  are 
maintained.  Fig.  7c  shows  Ni/Al203  loss  activity  with  exposure  to 
the  electrolyte  vapor,  while  the  core-shell  catalyst  remained  stable 
over  the  120  h  reaction  study. 

It  is  important  to  note  that  although  the  zeolite  shell  gave 
Ni/Al203— Sil-1  greater  tolerance  to  alkali  poisons  from  the  DIR- 
MCFC  electrolyte,  the  added  transport  resistance  across  the  shell 
lead  to  lower  activity  compared  to  Ni/Al203  catalyst  (Table  4).  Fig.  8 
plots  methane  conversion  on  fresh  nickel  catalysts  with  different 
Sil-1  shell  thickness  (Fig.  8a)  and  the  effect  of  shell  thickness  on 
catalyst  deactivation  (Fig.  8b).  The  figures  also  show  the  results  of 
model  calculations  of  catalyst  reaction  and  deactivation.  The  plots 
show  that  there  is  good  agreement  between  experiment  and  model. 
The  model  correctly  predicts  the  catalyst  behavior  during  reaction 
and  poisoning.  The  results  show  that  thicker  shell  has  lower  initial 
methane  conversion,  but  greater  tolerance  to  the  alkali  poisons. 
The  model  calculations  in  Fig.  8c  predicts  that  a  shell  thickness 
of  6.5  fxm  should  be  considered  if  the  catalyst  is  to  survive  240  h 
(i.e.,  10  days)  of  operation  under  high  alkali  conditions  following 
a  failure  of  the  anode  barrier  in  a  DIR-MCFC.  The  thickness  was 
optimized  to  ensure  less  than  20%  drop  in  methane  conversion 
and  hydrogen  yield  during  the  240  h  period  (Table  5).  Flowever, 


Table  5 

Optimum  zeolite  shell  thickness. 


Total  operation  time  (hr) 

50 

100 

150 

200 

250 

Optimal  shell  thickness  (|Jim) 

3 

4 

5 

6 

6.5 

Time-averaged  methane 
conversion  (%) 

53.0 

44.3 

38.9 

34.9 

31.9 
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Fig.  7.  Plots  of  (a)  product  composition  and  (b)  catalytic  activity  of  Ni/Al203 — Sil-1 
(3.5  |jim)  core-shell  catalyst  with  time,  (c)  A  comparison  of  catalyst  activity  between 
the  nickel  and  nickel  core-shell  catalysts  over  120  h  reactions.  Note:  the  methane 
steam  reforming  reaction  was  carried  out  at  low  concentration  of  electrolyte  vapor 
to  mimic  normal  DIR-MCFC  operation. 

66%  more  catalysts  would  be  needed  compared  Ni/Al203  catalyst. 
A  four  micron  thick  shell  similar  to  the  core-shell  catalyst  shown 
in  Figs.  6  would  tolerate  exposure  to  high  alkali  poisons  for  lOOh 
which  would  be  sufficient  time  to  institute  repair  and  maintenance 
on  the  damaged  DIR-MCFC. 

3.3.  Post-reaction  characterization  of  core-shell  catalysts 

Fig.  9a-d  is  a  series  of  pictures  taken  from  Ni/Al203  and 
Ni/Al203— Sil-1  catalysts  after  exposure  to  electrolyte  vapor.  The 
poisoned  Ni/Al203  catalyst  bead  has  a  dark  blue  coloration,  while 


Fig.  8.  Plots  of  methane  conversion  over  (a)  fresh  nickel  and  nickel  core-shell  cata¬ 
lysts  with  different  shell  thicknesses,  (b)  nickel  and  nickel  core-shell  catalysts  with 
time  exposure  to  the  electrolyte  vapors,  and  (c)  time-averaged  methane  conversion 
for  different  shell  thickness  after  exposure  to  50, 100, 150,  200  and  250  h  exposure 
to  the  electrolyte  vapor.  Please  note  symbols  denote  experimental  data  and  lines 
refer  to  mathematical  modeling.  (For  interpretation  of  the  references  to  color  in  this 
figure,  the  reader  is  referred  to  the  web  version  of  the  article.) 


the  core-shell  catalyst  exposed  for  the  same  length  of  time  has 
a  lighter  coloration  that  progressively  darken  the  longer  it  was 
exposed  to  the  vapor.  The  blue  coloration  could  be  due  to  the  forma¬ 
tion  Ni3+  species  during  exposure  to  alkali  [51]  (For  interpretation 
of  the  references  to  color  in  this  sentence,  the  reader  is  referred  to 
the  web  version  of  the  article.).  It  is  also  clear  from  Fig.  9c  and  d  that 
that  the  surface  of  the  catalyst  beads  assumed  a  darker  coloration 
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Fig.  9.  Pictures  of  catalysts  exposed  to  electrolyte  vapor:  (a)  Ni/Al203  for  5  h  and  Ni/Al203 — Sil-1  (3.5  |xm)  for  (b)  5  h,  (c)  50  h  and  (d)  100  h. 


Fig.  10.  SEM  images  of  Ni/Al203— Sil-1  (3.5  p,m)  core-shell  catalyst  and  the  corresponding  EDXS  map  of  elemental  composition  along  the  catalyst  diameter  after  exposure  to 
the  electrolyte  vapor  for  (a  and  c)  5  h;  (b  and  d)  100  h.  (For  interpretation  of  the  references  to  color  in  this  figure,  the  reader  is  referred  to  the  web  version  of  the  article.) 


(i.e.,  grey)  than  the  catalyst  interior.  This  strongly  suggests  that  the 
zeolite  shell  is  providing  an  effective  barrier  to  the  alkali  poisons. 

A  closer  examination  of  the  shell  surface  (Fig.  10a  and  b)  follow¬ 
ing  5  and  lOOh  exposure  to  the  electrolyte  vapor  found  evidence 
of  solid  electrolytes  that  could  have  condensed  from  the  vapor  and 
become  physically  trapped  on  the  zeolite  surface  [9].  The  com¬ 
position  along  the  core-shell  catalysts  was  analyzed  by  energy 
dispersive  X-ray  spectroscopy  and  plotted  in  Fig.  1  Oc  and  d.  The  ele¬ 
mental  plots  clearly  show  the  thickness  and  location  of  the  zeolite 
shell.  It  also  showed  that  the  nickel  catalyst  is  uniformly  dispersed 
on  the  alumina  support.  The  zeolite  shell  contains  a  small  amount 
of  Al  that  were  incorporated  from  the  support  during  the  zeo¬ 
lite  regrowth.  Surface  enrichment  of  alkali  on  the  shell  surface  is 
not  apparent  on  short  contact  time  (Fig.  10c  inset),  but  is  more 
evident  after  prolonged  exposure  (Fig.  lOd  inset).  The  weak  sig¬ 
nals  from  the  alkalis  are  indicative  of  their  low  concentration  in 
the  catalyst.  The  spent  catalysts  were  analyzed  by  ICP-AES  and 
the  poisoned  Ni/Al203  catalysts  contained  0.01  wt.%  lithium  and 
0.03  wt.%  potassium  after  5  h  treatment  in  electrolyte  vapor.  The 


core-shell  catalysts  treated  for  the  same  duration  had  elevated 
potassium  content  of  1.42  wt.%  in  agreement  with  observed  elec¬ 
trolyte  condensation  on  the  catalyst  shell.  The  lithium  content  (i.e., 
0.01  wt.%)  was  comparable  to  the  spent  Ni/Al203.  A 1 00  h  exposure 
saw  an  increase  in  lithium  content  of  0.04  wt.%,  but  the  potassium 
remained  at  1 .1  wt.%.  This  supports  the  EDXS  and  SEM  observations 
that  potassium  was  mainly  deposited  on  the  shell  surface  from  the 
condensation  electrolyte  vapor. 

4.  Conclusion 

Nickel  core-shell  catalysts  prepared  by  depositing  a  thin  zeolite 
shell  on  catalyst  bead  surface  are  shown  to  be  effective  against  alkali 
poisoning  from  the  molten  carbonate  electrolyte  used  in  DIR-MCFC. 
The  core-shell  catalysts  tolerate  both  low  and  high  level  exposure 
to  the  electrolyte  vapor  at  the  high  temperatures  encountered  in 
DIR-MCFC  operation.  The  catalysts  maintained  stable  reaction  per¬ 
formance  under  low  exposure  conditions  expected  under  normal 
operating  conditions  and  could  slow  deactivation  in  case  of  high 
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exposure  caused  by  failure  of  anode  barrier  to  afford  sufficient  time 
to  institute  repair  and  maintenance.  However,  the  zeolite  shell  also 
increased  transport  resistant  for  the  reactant  resulting  in  lower 
conversion  and  thus  requires  more  catalysts.  It  would  be  of  interest 
to  explore  the  possibility  of  mesoporous  shells  [52,53]  to  alleviate 
this  shortcoming  and  the  use  of  similar  approach  in  other  fuel  cell 
systems  [54,55]. 
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